The mating system and spatial genetic structure of the rare and endangered bird-pollinated mallee Eucalyptus rhodantha were investigated in a remnant stand, using progeny arrays and pollen assayed at four polymorphic allozyme loci. Comparisons of the genetic diversity within and between the pollen pools and maternal parents of two arbitrary subpopulations indicated the presence of spatial genetic heterogeneity which was not broken down by pollen flow. It was suggested that this is the result of a high level if inbreeding and limited pollen dispersal by birds. Estimates of outcrossing rate ranged between I = 0-59 and I = 0-67 and were at the low end of the range reported for other eucalypts. It was concluded that E. rhodantha has a mixed mating system with a significant proportion of selfpollination. Biparental inbreeding within small neighbourhoods probably also contributed to the high level of inbreeding. The low level of outcrossing observed in E.rhodantha was not consistent with the hypothesis that bird pollination leads to high levels of outcrossing in the Australian flora. However, the level of outcrossing achieved through bird pollination together with high levels of gene flow between populations contribute to the maintenance of the relatively high levels of diversity which characterise the dissected populations of this species.
INTRODUCTION
The mating system plays an important role in determining the genetic structure and evolutionary potential of plant populations (Allard, 1975; Brown et a!., 1985) . Interactions between population structure and the mating system have been investigated in several experimental (Ennos and Clegg, 1982, 1985; Ellstrand and Foster, 1983) and natural plant populations (Brown eta!., 1975; Linhart et al., 1981; Shaw and Allard, 1981; Neale and Adams, 1985; Ritland and Ganders, 1985; Shea, 1987) .
In Eucalyptus, estimates of mating system parameters have been based on progeny arrays analysed in terms of the mixed mating model (Fyfe and Bailey, 1951) . The assumptions of this model are: (1) each mating event is the result of either a random outcross with a probability t or a selffertilization with a probability s = 1 -t; (2) the probability of an outcross is independent of maternal genotype; (3) outcross pollen pool allele frequencies are homogeneous among maternal parents; and (4) selection does not intervene between fertilisation and the determination of progeny genotypes (Brown and Allard, 1970; Clegg et a!., 1978) .
Several studies indicate that the assumptions of the mixed mating model are often violated in natural populations by spatial or temporal variation in pollen pool allele frequencies or by selection (e.g., Brown et a!., 1975; El-Kassaby et a!., 1987; O'Malley and Bawa, 1987) . Spatial genetic differentiation is thought to be common in plant populations because plants are immobile as adults and pollen and seed dispersal may be limited giving rise to clustering of related individuals (Ehrlich and Raven, 1969; Levin and Kerster, 1974; Brown, 1979; Turner et al., 1982; Neale and Adams, 1985) . No direct measurements of local genetic differentiation and its consequences in relation to mating behaviour have been published for species of Eucalyptus. The mating systems of ten species from three of the nine informal subgenera of Eucalyptus listed by Pryor and Johnson (1971) have been investigated: five from Monocalyptus, four from Symphy-omyrtus and one from Corymbia. Estimates of I have been relatively consistent within the genus (0.70-0.86; Moran and Bell, 1983) . Nine of these species have small flowers which are conventionally regarded as being either pollinated by insects or by a range of insects and vertebrates.
The tenth species, Eucalyptus stoatei C. A. Gardn, is unusual amongst eucalypts in that it is predominantly if not exclusively pollinated by birds.
The estimate of I reported for this species (I = 082; Hopper and Moran, 1981) was one of the highest so far reported in Eucalyptus. Hopper and Moran (1981) pointed out that, like E. stoatei, most of the large-flowered, vertebrate-pollinated Western Australian eucalypts have dissected population structures. They suggested that this type of population structure favoured the evolution of bird pollination as a mechanism for maximising outcrossing and promoting genetic diversity. This suggestion was consistent with the hypothesis that bird pollination leads to high levels of outcrossing in the Australian flora (Paton and Ford, 1977; Bond and Brown, 1979; Ford et al., 1979; .
Gene flow within populations, mainly through pollen dispersal, is expected to be lower in birdpollinated, insect-pollinated or inbreeding plants than in wind-pollinated species. Genetic differentiation of subpopulations has, however, been demonstrated in both insect-and wind-pollinated plant species (Schaal, 1975; Linhart et al., 1981; Knowles, 1984; Loveless and Hamrick, 1984; Bos et aL, 1986; Gregorius et al., 1986; Fumier et al., 1987; Waser, 1987) and one bird-pollinated eucalypt which occurs as discrete clumps (Moran and Hopper, 1987) . In addition, several mating system studies have provided indirect evidence of genetic substructures within populations (Brown et a!., 1975; Neale and Adams, 1985; Fumier and Adams, 1986; O'Malley and Bawa, 1987; Shea, 1987) . There are, however, exceptions (Ennos, 1985; Dewey and Heywood, 1988 ) and we are not aware of any reports of genetic differentiation within continuous populations of outbreeding, bird-pollinated trees. Investigations of more birdpollinated species with dissected population structures are required to determine whether bird pollination is associated with high levels of outcrossing and with spatial differentiation within populations.
Eucalyptus rhodantha Blakely and Steedman is a member of the informal subgenus Symphyomyrtus. It is known only from remnant stands but probably had a regional (150-600km) dissected distribution prior to land clearing. It is a small, spreading mallee and produces relatively few, large (up to 75 cm across), pendulous flowers with red filaments. Flowers are protandrous (McNee, 1986) but the presence of flowers at different stages within the canopy of one mallee allows geitonogamous pollination. Like E. stoatei, it is pollinated primarily by birds (McNee, 1986) .
The distribution of genetic diversity within and between two arbitrary subpopulations of E. rhodantha was investigated using allozyme markers. This study was combined with an investigation of the mating system in this bird-pollinated mallee, to contribute to an understanding of how the mating system affects the spatial distribution of genetic diversity within populations and to aid in the design appropriate strategies for conservation of this species.
MATERIALS AND METHODS
The study site was one of two stands of E.
rhodantha approximately 500 m apart in an 80 ha remnant of heath vegetation in agricultural land. The western stand consists of about 180 mallees.
The distribution of the plants is continuous but clumped and there are large distances between some groups and individuals. The stand was arbitrarily divided into five main subpopulations: one spread over a shallow rise outside the fenced section to the north, one on the west side of the stand, one in the north-east corner, one in the centre and one in the south-east corner of the stand.
The arbitrary subpopulations on the western side (25 mallees; subpopulation 1) and in the north-east corner (20 mallees; subpopulation 2) were selected and the positions of plants plotted using ground surveys and aerial photographs. Individuals were identified from the position of stem origin and from leaf, bud and flower characteristics. The two subpopulations were approximately 170 m apart at their closest point. At least five capsules were collected, where possible, from different branches of each plant. Capsules were bulked and seed was extracted by drying the capsules at room temperature. Three plants in subpopulation 1 and one plant in subpopulation 2 had no mature fruit. Pollen was collected from a majority of plants and used to determine maternal genotypes.
Electrophoretic procedures Ten seeds per plant were germinated on moistened filter paper. Seedlings with emerged cotyledons and, when available, pollen samples were assayed for three enzyme systems (ADH, E.C. 1.1.1.1:
GOT, E.C. 2.6.1.1: and MDH E.C. 1.1.1.37) encoding four loci (Adh-l, Got-i, Got-2 and Mdh-2) by methods described in Moran and Hopper (1983) . Genetic interpretation of enzyme loci was based upon electrophoretic segregation patterns of pro-
geny arrays from open-pollinated families and haploid pollen from maternal parents. Previous surveys of allozyme variation (Sampson, 1988) had demonstrated that the allele frequencies of these loci were suitable for the mating system estimation procedures used here. Single-locus and multilocus estimates of the mixed mating model parameters for four loci (Adh-1, Got-i, Got-2, Mdh-2) and their variances were obtained using the computer programmes developed by K. Ritland (Ritland and Jam, 1981) .
RESULTS
Adult and progeny allelic and genotypic frequencies Maternal genotypes were determined from pollen samples for 24 of the 41 mallees from which seed was collected. For the remainder, maternal parent genotypes were inferred from arrays of at least ten progeny per plant by the method of Brown and Allard (1970) (007) 070 (001) 018 (0.06) 029 (0.01) 076 (0.07) 044 (001) 051 (003) (001) 056 (005) 056 (005) 063 (0.06) 040 (0.02) 019 (004) 096 (002) 079 (004) The most common allele for diallelic loci and the two most common alleles for triallelic loci are given. Standard errors in parentheses. * Significant differences (P> 0.05) between maternal parents and pollen pool allele frequencies within subpopulations.
of the eight comparisons in subpopulation 1, two of the six comparisons in subpopulation 2 and six of the eight comparisons in the pooled data (table  1) . The data indicate that the maternal plants do not contribute equally to the pollen pool at all loci in both the subpopulations. Wright's Fixation index (F; Wright, 1969 ) and variances were estimated at each locus for both progeny (F) and adult mallees (maternal, F,,) by the methods of Brown el al. (1975) and Phillips and Brown (1977) , respectively (table 2). The less frequent allelic classes were pooled to give diallelic data. Estimates of the variances of mean F and mean F,,, values were obtained by assuming that loci were statistically independent. Variances of the means were then formulated as the means of the separate variances divided by the number of loci (Brown and Weir, 1983) . While estimates varied between loci, they were significantly positive in progeny and not significantly different from zero in the adult maternal plants in both subpopulations.
Genetic differentiation among subpopulations
Contingency x2 values (Workman and Niswander, 1970) were calculated to test for homogeneity of allele frequencies in the maternal parents and pollen pools in the subpopulations. Individual locus and total contingency x2 values indicated significant heterogeneity of pollen pool allele frequencies between the two subpopulations (Xs = 197254, P < 001). Heterogeneity in maternal parent frequencies was significant for only one locus, Got-i (X2)=i4039, P<001) but the total value for the four loci was also significant (Xs> = 25537, P<001). This suggests higher genetic differentiation between the pollen than between the maternal parent suhpopulations.
In order to investigate further the extent of genetic differentiation between subpopulations, Nei's (1973) hierarchical gene diversity statistics were calculated using maternal parents and pollen pool allele frequencies. Estimates of G1 (table 3) also demonstrated genetic differentiation. Esti- (Moran and Bell, 1983 ) and descriptions of these loci in the above paper suggest that they are equivalent to those reported in E. rhodantha (Sampson, 1988) . Regular Mendelian inheritance and independent assortment between Adh-1, Got-I and Mdh-2 has been demonstrated in the presumptive selfed progeny of an isolated specimen of E. rhodantha (Sampson, 1988 In such circumstances Weir (1979) and Weir and Cockerham (1979) recommend the estimation of Burrow's composite measure jk of linkage disequilibrium. This composite measure was estimated for pair-wise combinations of loci by the formula given in Brown and Weir (1983) .
Significant disequilibrium was detected between some combinations of loci in subpopulation 2 and in the pooled data but the distribution of disequilibrium between subpopulations was not consistent (table 4) . Several factors may produce linkage disequilibrium. These include inbreeding or asexual reproduction, genetic drift, mutation, migration and epistasis (Hedrick eta!., 1978) . Since there may be correlation between estimates of I based upon loci which exhibit linkage disequilibrium, the significant disequilibrium observed in subpopulation 2 and in the pooled data may bias variances of estimates of outcrossing for these samples.
Outcrossing rates Single-locus and multilocus estimates of outcrossing rates are presented in table 5. All estimates differed significantly from random mating (1= 1) and from complete selfing (1=0). The single-locus data generated expected numbers of progeny less than one and were therefore not suitable for x2 analyses to test goodness of fit with the expectations of the mixed mating model. Fisher's heterogeneity x2 test (Rao, 1973) , used to test for heterogeneity of I over loci, indicated that there were significant differences among single-locus estimates of I when the subpopulations were analysed separately, but not when pooled. Pooling of data from subpopulations 1 and 2 imparted a slight downward bias of the arithmetic mean 1, a slight upward bias of the minimum variance mean I and a downward bias of the multilocus estimate of i This variation is to be expected since allele frequencies of the subpopulations were significantly different at all loci in the progeny. The largest change was at the Got-i locus. Again, this is anticipated since Got-i was the only locus at which there was a significant difference in allele frequencies in the adults. Overall, these observations tend to confirm that, with respect to genetic and reproductive behaviour, there was some differentiation between the two subpopulations. The multilocus estimates of outcrossing rate in E. rhodantha were greater than the minimum variance mean single-locus estimates of I for all subpopulations suggesting that some inbreeding other than selfing occurs.
In order to test for any local heterogeneity of allelic frequencies, the number of detectable outcrosses compared with homozygous progeny for each homozygous mother was entered in a 2 x m contingency table, where m was the number of maternal plants homozygous for a given locus in each sample (Brown et al., 1975) . The heterogeneity x2 was calculated between these families and indicated significant heterogeneity at the Mdh-2 locus in subpopulation 1, Got-i in subpopulation 2, and Got-2 and Mdh-2 in the pooled data (table 6).
DISCUSSION

Spatial genetic structure
Comparisons of maternal parent allele frequencies, pollen pool allele frequencies and genetic differentiation estimates between the two arbitrary subpopulations of E. rhodantha indicate that genetic divergence has occurred between different parts of the stand.
Since the age of mallees is difficult to determine (Wellington et cii., 1979) , the possibility that Table 5 Single locus and multilocus estimates of outcrossing (1) A more likely explanation of the spatial heterogeneity observed in E. rhodantha is localised genetic drift occurring because of restricted dispersal of pollen by birds and a high level of inbreeding.
Investigations suggest that gene flow between populations is high in E. rhodantha (Sampson, 1988 ) but this does not eliminate the possibility that local gene flow within populations could be limited, permitting local genetic differentiation (Levin 1981; Loveless and Hamrick, 1984) . The high GST values found between both the maternal parent and the pollen pool subpopulations and the high level of inbreeding reported here, together with estimates of pollen dispersal based on pollinator movements (McNee, 1986) , suggest that gene flow through pollen dispersal within the study area is limited.
Seed dispersal distances were not quantified in E. rhodantha but seeds are slightly winged and may be blown about by the wind and are also harvested by ants. Levin and Kerster (1974) suggested that the dispersal of the majority of windborne seeds is restricted and there is evidence of family structure in populations of several conifer species with wind-disseminated seeds (Linhart et a!., 1981; Knowles, 1984; Fumier and Adams, 1986) . Therefore, while wind-dissemination of E. rhodantha seeds and bird pollination may permit gene flow over large distances, gene flow within the relatively undisturbed stand is probably limited and permits the development of genetically heterogeneous neighbourhoods of related individuals.
The high GST values observed in both the pollen pooi and maternal parents in bird-pollinated and relatively inbred E. rhodantha contrast with observations in an outcrossing (1=0.98) windpollinated grass Cynosurus cristatus L. (Ennos, 1985) where GST values among adult subpopulations were very low and even lower among pollen pool subpopulations. Ennos (1985) concluded that substantial pollen flow in the grass prevents the development of signficant genetic differentiation through random genetic drift in different areas of the same population. Gene flow within populations may be expected to be less in a bird-pollinated species than in an outcrossing wind-pollinated species so that the likelihood of differentiation through drift is increased.
Violations of the mixed mating model
In a spatially heterogeneous population, neighbours may be related or genetically similar because they occupy the same habitat and have been subjected to the same selection regime. Outcrossing between neighbours can then result in "effective" selfing because of the genetic similarity between mates relative to the entire population (Ritland and Ganders, 1985) . The mixed mating model assumption that outcross pollen pool allele frequencies are homogeneous over maternal parents is violated by spatial or temporal heterogeneity in these frequencies or if outcrosses share paternity (Ennos and Clegg, 1982; Schoen and Clegg, 1984) . Single-locus estimates of I are biased down.. ward by any form of inbreeding including con sanguineous mating. Multilocus procedures are theoretically less affected by violation of the mixed mating model assumptions and discriminate more efficiently between selfed and outcrossed matings. A measure of the total effect of inbreeding other than selfing can therefore be made by comparing multilocus and single-locus estimates of 1, but comparisons suffer from the large standard errors associated with estimates of I (Shaw and Allard, 1982) . In E. rhodantha, the differences between single-locus estimates of I and comparisons of multilocus and single-locus estimates suggested that some of the deviation from panmixia was due to biparental inbreeding.
The significant heterogeneity of gene frequencies in the pollen pools sampled by maternal parents in both subpopulations and in the pooled data also indicated violation of mixed mating model assumptions. Differences in progeny genotype frequencies among maternal genotypes arise if the probability of outcrossing varies from tree to tree and/or there are differences between trees in the allele frequencies of their pollen pools (Brown et a!., 1975) . Heterogeneity in the pollen pools of individual trees may arise because of clustering of similar genotypes, or from temporal changes in pollen pool allele frequencies throughout the flowering season. Temporal heterogeneity has been detected in the study area (Sampson, 1988) .
If the variation in allele frequencies in the outcross-pollen pool of plants was the major cause of departures from complete outcrossing, then one would expect a relationship between the level of apparent selfing and the level of heterogeneity because both would be measures of the correlation between uniting gametes (Brown et al., 1975 ).
Significant heterogeneity was observed at different loci in different stands but high heterogeneity was not associated with low estimates of 1; in some instances high heterogeneity was associated with the highest estimate of i Therefore it seems unlikely that variation in pollen gene frequencies between maternal plants resulting from spatial clustering of similar genotypes or temporal variation in pollen gene frequencies were the main causes of the departures from panmixia observed in F. rhodantha. It may be concluded that self-pollination contributed significantly to the level of inbreeding in E. rhodantha. When pollen deposited on the stigma is derived from only one or a few previously visited plants, many of the seeds will be full siblings. In such circumstances, maternal genotypes may be incorrectly inferred and estimates of I based on the mixed mating model will be biased down (Schoen and Clegg, 1984) . The possibility of this occurring and affecting results in E. rhodantha was reduced for several reasons. Firstly, a majority of maternal genotypes were known from pollen samples.
Secondly, flowers may be visited numerous times by pollinators (McNee, 1986) and, thirdly, capsules were normally collected from widely spaced branches and were therefore likely to have arisen from different pollination events.
The change in F values in E. rhodantha from positive in the progeny to around zero in the maternal adult plants suggests that selection favouring heterozygous, presumably outcrossed, progeny may contribute to the maintenance of a mixed mating system in E. rhodantha. Phillips and Brown (1977) and Moran and Brown (1980) made similar suggestions for Eucalyptus paucflora Sieb. ex Spreng. and Eucalyptus delegatensis R. T. Bak., respectively. Selection favouring heterozygotes may also occur in E. stoatei (Hopper and Moran, 1981) , Eucalyptus kitsoniana (Luehm.) Maiden (Fripp, 1982) and in Eucalyptus crucis Maiden (Sampson et a!., 1988) . Such selection, operating between fertilisation and the point at which seedlings are assayed, may have contributed to an upward bias in estimates of I in E. rhodantha.
Comparisons with other eucalypts The multilocus estimate of outcrossing rate in subpopulation 1(1 = 059) probably represent the least biased estimate of outcrossing in a natural population of E. rhodantha since multilocus estimates of I are less affected by the violations of the mixed mating model which have been shown to occur in F. rhodantha. Furthermore, no disequilibrium was detected within this subpopulation. The breeding system of E. rhodantha is thus a mixed mating system with predominant outbreeding but with a significant component of inbreeding.
Predominant outcrossing has been reported in other eucalypts (Brown et al., 1975; Phillips and Brown, 1977; Moran and Brown, 1980; Hopper and Moran, 1981; Fripp, 1982; Yeh et a!., 1983; Moran and Bell, 1983) .
The estimate of I in E. rhodantha was somewhat lower than those reported for many primarily outcrossing plant species (Schemske and Lande, 1985) and it is the lowest so far reported in Eucalyptus with two exceptions. Firstly, a multilocus estimate of outcrossing in a small stand of E. rhodantha isolated in agricultural land was I=026 (Sampson, 1988) and secondly, Fripp et a!. (1987) reported a mean single-locus I value of 052 in E. regnans. However, the sampling procedures used in these studies were unusual in that the seed samples came from a small isolated stand of trees and, in the case of E. regnans, from a single seed crop set the previous year.
The majority of estimates made previously for eucalypts have been mean single-locus estimates, often based on loci detected in seeds, and the sampling procedures used were different to those used in the study of E. rhodantha reported here (Brown et al., 1975; Phillips and Brown, 1977; Hopper and Moran, 1981; Moran and Brown, 1980; Fripp, 1982; Yeh et a!., 1983) . The I estimated from seedling loci for E rhodantha in subpopulation 1 would be biased up relative to estimates for other eucalypts because selection may have occurred between the seed and seedling stage and because bias due to sampling across genetically heterogeneous subpopulations was minimised. With these differences in mind, the estimate for the natural stand of E. rhodantha is indeed low and indicates a remarkable amount of selfing. Hopper and Moran (1981) suggested that the evolution of bird pollination in eucalypts may represent the evolution of a system to promote outcrossing and hybridity. These authors suggest that bird pollination may provide a mechanism whereby the deleterious consequences of inbreeding in the small dissected populations which characterise E. rhodantha and most of the other large flowered vertebrate pollinated Western Australian eucalypts are reduced. A "pursuit of hybridity" in isolated populations is thought to have been a major force in the evolution of cytogenetic and breeding system variants in isolated granite rock populations of Isotoma petraea F. Muell. (James, 1965 (James, , 1970 Beltran and James, 1974) and many other members of the Australian flora James and Hopper, 1981) .
The low level of outcrossing estimated for E. rhodantha is not consistent with the hypothesis that bird pollination leads to high levels of outcrossing in the Australian flora (Paton and Ford, 1977; Bond and Brown, 1979; Ford et al., 1979; . However, the level of outcrossing and the high gene flow between populations achieved through bird pollination are part of a genetic system by which the relatively high level of allozyme diversity found within the dissected populations of this species is maintained.
In conclusion, E. rhodantha has a mixed mating system with predominant outcrossing but a significant proportion of self-pollination. A high level of inbreeding and limited gene flow within populations has given rise to the formation of genetically heterogeneous neighbourhoods. Biparental matings within neighbourhoods also probably contribute to a remarkable level of inbreeding in this species.
